A decade ago, Jurg Tschopp introduced the concept of the inflammasome. This exciting discovery of a macromolecular complex that senses 'danger' and initiates the inflammatory response contributed to a renaissance in the fields of innate immunity and cell death. Jurg led the biochemical characterization of the inflammasome complex and demonstrated that spontaneous hyperactivation of this interleukin (IL)-1b processing machinery is the molecular basis of a spectrum of hereditary periodic fever syndromes, caused by mutated forms of the inflammasome scaffolding receptor, NLRP3. The identification of the underlying mechanism in these disorders has led to their now successful therapy, with the use of the IL-1 receptor antagonist in the clinic. Jurg's pioneering work has subsequently defined a number of inflammasome agonists ranging from microbial molecules expressed during infection, to triggers of sterile inflammation, most notably gout-associated uric acid crystals, asbestos, silica and nanoparticles. More recently, Jurg introduced the critical new concept of the metabolic inflammasome, which senses metabolic stress and contributes to the onset of the metabolic syndrome associated with obesity and type 2 diabetes. Jurg was an outstanding and skillful biochemist, an elegant and rigorous researcher often far ahead of his peers. He was a truly amiable person, fair, generous and inspiring, and will be most remembered for his infectious enthusiasm. We write this review article on the inflammasome in his honor and dedicate it to his memory. Cell Death and Differentiation (2012) 19, 5-12; doi:10.1038/cdd.2011.159; published online 11 November 2011
Facts
Tschopp and colleagues discovered the inflammasome platforms and described its biochemistry and clinical relevance in cold-associated periodic syndromes (CAPS) or cryopyrinopathies, gout and type 2 diabetes. Tschopp and colleagues identified a number of inflammasome agonists, namely muramyl dipeptide (MDP), viral DNA, monosodium urate (MSU) crystals, asbestos, silica, alum and malaria-associated hemozoin. Tschopp and colleagues showed that the immunosuppressive function of type I interferon was accomplished through inhibition of the NLRP3 inflammasome. Tschopp and coworkers demonstrated a role of the NLRP3 inflammasome in the metabolic syndrome. Tschopp's research led to the establishment of a number of clinical trials for inflammatory diseases, including CAPS, gout and type 2 diabetes.
Open Questions
What is the molecular mechanism that activates the inflammasome? What is the link between inflammation and cell death pathways, and how does the cell decide to engage one but not the other?
Although the role of the inflammasome has been well demonstrated in monogenic inflammatory diseases, what is its role in more complex diseases, and what are the potential therapeutic solutions?
Discovery and Molecular Characterization of the Inflammasome Nucleotide-binding domain (NB) and leucine-rich repeat (LRR) containing receptors (NLR), casually referred to as Nod-like receptors, are cytosolic pattern-recognition receptors that were initially proposed to regulate inflammation through leukocyte apoptosis, based on structural homology with apoptosis effectors. However, a decade ago, their mechanisms of action were obscure, and this initial view has been modified with the discovery of the inflammasome. NLR proteins are evolutionarily related to plant NB-LRR proteins (reviewed in Chisholm et al. 1 
and Jones and Dangl
2 ) also referred to as disease-resistance or R proteins, for their crucial function in host defense against infection. NLRs are also reminiscent of apoptosis-activating factor (APAF)-1, which assembles the apoptosome following cytochrome c release from the mitochondria, and initiates apoptosis by recruiting and activating caspase-9 (reviewed in Bratton and Salvesen 3 ). NLRs are characterized by a tripartite structure composed of an invariant central domain that mediates nucleotide binding and oligomerization referred to as a NACHT, NOD or NBS domain, a C-terminal LRR domain that senses NLR agonists, but exerts auto-inhibitory effects in their absence (reviewed in Reidl and Salvesen 4 ) , and a variable N-terminal region that is required for homotypic proteinprotein interactions. The human NLR family consists of 22 members, classified into 4 subfamilies, namely the NLRA, NLRB, NLRC and NLRP subfamilies, on the basis of their N-terminal domain configuration 5 ( Figure 1 ). NLRA contains an acidic transactivation domain; NLRB, a baculoviral inhibitory repeat domain; NLRC, a caspase-recruitment and activation domain (CARD); and NLRP, a pyrin domain (PYD). Notably, the CARD and PYD belong to the death-fold structural family, which also encompasses the death domain and death-effector domain, consisting of a tertiary structure commonly found in proteins involved in apoptosis or inflammation-related processes (reviewed in Lahm et al. ). In 2001, a number of seminal genetic studies have linked mutations in NLR genes to inflammatory diseases. Mutations in CARD15/NOD2 have been found to underlie both Crohn's disease and Blau syndrome, 7-9 and mutations in NLRP3, then termed CIAS1 (cold-induced auto-inflammatory syndrome 1), were identified in individuals affected by familial MuckleWells syndrome (MWS). 10 The NLRP3 protein was then termed cryopyrin, and like pyrin, the product of the MEFV gene causing familial Mediterranean fever (FMF) 11 was found to be expressed predominantly in peripheral blood leukocytes. 10, 11 It was found that NLRP3 is mutated in a spectrum of hereditary periodic fever syndromes, which, in addition to MWS, include familial cold urticaria and neonatal onset multi-system inflammatory disease.
In 2002, Martinon et al. 12 described in a pioneering study a large molecular platform required for the oligomerization and activation of the pro-inflammatory protease, caspase-1, which they termed the inflammasome (Figure 2 ). Using elegant biochemical approaches, cell-free and cell-based systems, they demonstrated that the NLRP1 inflammasome consisted of the NLR protein NLRP1, the adaptor protein ASC (also known as PYCARD), and the two members of the inflammatory caspase subfamily, caspases-1 and -5. Depletion of ASC was shown to impair inflammatory caspase activation and block interleukin (IL)-1b maturation following lipopolysaccharide (LPS) treatment, indicating for the first time that the inflammasome is an important arm of the innate immune system. 12 Tschopp and colleagues 13 went on to demonstrate in 2004 that NLRP3, which is mutated in the auto-inflammatory syndromes described above, and homologous to NLRP1, also forms an inflammasome complex comprising ASC, the CARD-containing protein cardinal and caspase-1 (but not caspase-5). They further demonstrated that the molecular basis of NLRP3 inflammasome-dependent disorders is spontaneous and excessive production of active IL-1b as observed using macrophages from MWS patients.
The requirement of ASC within the inflammasome was corroborated by Dixit and colleagues 14 in the same year, who reported the generation of Asc and Ipaf (Nlrc4)-deficient mice. This study demonstrated that macrophages from Asc À/À mice exhibited defective maturation of the caspase-1-dependent cytokines IL-1b and IL-18 in response to extracellular ATP or infection with an intracellular pathogen (Salmonella typhimurium). In contrast, Nlrc4-null macrophages were fully responsive to extracellular ATP, but displayed defective inflammasome activation in response to S. typhimurium, indicating some level of specificity determined by the nature of the engaged NLR. Importantly, caspase-1-dependent cell death, later termed pyroptosis, 15 was ablated in macrophages lacking either Asc or Nlrc4, providing a molecular link between inflammation and cell death pathways. Also in 2004, we have described a single-nucleotide polymorphism in a second member of the inflammatory caspase subfamily, namely CASP12, which deletes it from the majority of the human population, but not from a proportion of African descendents. We have shown that expression of caspase-12 resulted in a dampened inflammatory response to endotoxin and was associated with severe sepsis in the clinic. 16 We have subsequently demonstrated that the mechanism by which this protein exerted its suppressive effects in sepsis is through inhibition of the inflammasome. 17 Altogether, these initial studies identified the inflammasome complex, defined some of its regulatory mechanisms, and demonstrated that its hyperactivation is at the basis of autoinflammatory disease pathogenesis, whereas its regulated activity is central for host defense and protection from sepsis.
Molecular Regulators of the Inflammasome
The molecular characterization of the inflammasome and its modulation by caspases-5 and -12 has led to a flurry of papers describing regulators of this complex. Human CARD-only proteins, including ICEBERG, 18 pseudo-ICE 19 and INCA, 20 and PYD-only proteins (POPs), such as POP1 21 and POP2, 22 were shown to prevent inflammasome assembly by competitively interacting with the CARD of procaspase-1 or the PYD of ASC, respectively. Of note, PYRIN, which harbors a PYD, was also suggested to function as a negative regulator of caspase-1. 23 Mice expressing a truncated pyrin protein were found to be susceptible to LPS endotoxemia, and macrophages from these animals showed an increased maturation of IL-1b, following stimulation. 24 It was therefore suggested that pyrin competed with caspase-1 for association with ASC. However, results by others, 25, 26 suggesting that full-length pyrin is held in an auto-inhibitory conformation until activated, contradicted the above reports and showed that pyrin rather promoted ASC oligomerization and caspase-1 activation. To address this controversy, Tschopp and colleagues 27 revisited the role of pyrin in inflammasome activation and demonstrated that its depletion increased caspase-1 activation and IL-1b secretion, whereas overexpression of its C-terminal B30.2 (SPRY) domain alone inhibited these processes. More recently, a mouse model of FMF was developed by knock-in of the human SPRY domain carrying an FMF missense mutation into the murine pyrin locus. 28 These mice developed an autoinflammatory phenotype that was dependent on Asc and caspase-1, but independently of Nlrp3. In contrast, pyrindeficient mice did not exhibit any sign of spontaneous inflammation. Altogether, pyrin appears to modulate the inflammasome through direct engagement of ASC and caspase-1, however, whether it performs stimulatory or inhibitory functions at the steady state remains unresolved.
Two additional important regulators of the inflammasome are the chaperone heat-shock protein 90 KDa (HSP90) and its co-chaperone suppressor of G2 allele of Skp1 (SGT1).
Tschopp and colleagues 29 have demonstrated that, similarly to plant R protein regulation (reviewed in Chisholm et al.
1 and Jones and Dangl 2 ), HSP90 and SGT1 maintain NLRs in a stable, but activation-competent conformation. Consistently, depletion of SGT1 by RNA interference or chemical inhibition of HSP90 blunted inflammasome activation. This regulatory function is not confined to members of the NLRP subfamily of NLRs, as HSP90 inhibition also blocked NOD1-mediated activation of NF-kB, 30 further linking plant and mammalian host defense mechanisms.
Furthermore, it is becoming apparent that NLR-dependent innate immunity pathways were grafted to the cell death response over evolutionary time. There are striking parallels between the intrinsic apoptosis machinery and the mechanisms that activate caspase-1. Such similarities may be the result of the co-evolution of these pathways under the pressures imposed by infection. Caspase-1-dependent cell death is initiated by infection, whereas apoptosis is induced by the mitochondria, an organelle reminiscent of bacteria. Both release stimulatory products into the cytosol to activate sensors that undergo oligomerization to form an activation platform (inflammasome and apoptosome) (reviewed in Labbe and Saleh 31 ). Using cryo-EM, Reeds and colleagues 32 have shown that oligomers of NLRP1 formed double-ring structures, strikingly similar to the central hub of the Apaf-1 apoptosome, suggesting that the inflammasome might employ similar mechanisms to the apoptosome for oligomerization and activation. In both instances, CARD-containing caspases (caspase-1 and caspase-9) are recruited and activated by proximity-induced catalysis, resulting in substrate recognition and cleavage. In the case of caspase-9, this leads to apoptosis, a tolerogenic form of cell death. 33 For caspase-1, the outcome is pyroptosis and immunogenicity. Reed and colleagues 34 have also demonstrated that BCL-2 and BCL-XL, which inhibit apoptosis by controlling mitochondrial outer membrane permeabilization (MOMP), block the NLRP1 inflammasome. This relationship is reminiscent of the regulatory mechanisms of the apoptosis pathway in C. elegans, whereby the BCL-2 homolog CED-9 inhibits the APAF-1 homolog (and NLR-related protein) CED-4 through direct interaction. 35 Moreover, we have reported that BID, a cytosolic BH3-only protein that gains pro-apoptotic potency following processing by caspase-8 or granzyme B, 36 interacts directly with two other members of the NLR family, namely NOD1 and NOD2, and regulates their downstream signaling to NF-kB and ERK by recruiting the IKK complex to the nodosome. 37 Tschopp has extended the links between cell death and inflammation by recently postulating that the mitochondria do not only hold the key to the life or death of the cell, but is also the sovereign of inflammation. 38 Specifically, it was demonstrated that NLRP3 localizes to the endoplasmic reticulum and translocates to the mitochondria upon stimulation, and that assembly of the NLRP3 inflammasome occurs in a MOMP-dependent manner. 39 Consistently, inhibition of the voltage-dependent anionic channels or overexpression of BCL-2, which blocks MOMP, dampened this response. A second member of the NLR family, NLRX1, also localizes to the mitochondria. However, its sub-mitochondrial distribution and function are currently controversial. Ting and coworkers 40 first reported that NLRX1 is localized to the mitochondrial outer membrane and is a negative regulator of anti-viral innate immunity through interaction with the RIG-I and MDA-5 mitochondrial adaptor MAVS. These results were challenged by Girardin and colleagues 41, 42 who reported that NLRX1 is found in the mitochondrial matrix, where it regulates reactive
The inflammasome M Dagenais et al oxygen species (ROS) production and amplifies NF-kB and JNK signaling upon TNF stimulation or Shigella infection. 42 The recent generation of NLRX1-deficient mice by the Ting and Tschopp laboratories failed to resolve this controversy. Ting and coworkers 43 confirmed their in vitro results as to a role of NLRX1 in the modulation of MAVS signaling, whereas Tschopp and colleagues 44 did not observe any major differences in MAVS-dependent IRF3 phosphorylation, and interferon (IFN)-b or IP-10 induction between wild-type and NLRX1-deficient mice following PolyI:C treatment or Sendai virus infection. Furthermore, Tschopp and colleagues have identified an interaction between NLRX1 and a subunit of the complex III of the mitochondrial respiratory chain, ubiquinolcytochrome-c reductase complex core protein 2, which is consistent with a function of NLRX1 in ROS modulation. It is unclear at the moment what the basis of the controversy is and future careful investigation of this NLR is thus warranted.
Agonists of the NLRP3 Inflammasome and Mechanisms of Activation
Tschopp and colleagues 45 first demonstrated that the bacterial peptidoglycan moiety muramyl dipeptide (MDP) promoted the release of active IL-1b downstream of caspase-1 activation by the inflammasome independently of Toll-like receptors. This was corroborated by Reed and colleagues 32 who described a cell-free reconstitution system of the NLRP1 inflammasome, in which MDP alone, followed by ribonucleoside triphosphates, was sufficient to induce complex formation. Tschopp and coworkers 46 also showed that adenoviral infection of macrophages, which leads to expression of viral DNA in the cytoplasm also engaged the NLRP3 inflammasome. Interestingly, this was not specific to viral DNA, as bacterial, mammalian and synthetic dsDNA could all activate caspase-1. 46 However, no direct DNA binding to NLRP3 was shown. In contrast, a second PYD-containing cytosolic pattern-recognition receptors, namely the HIN200 protein absent in melanoma (AIM)2 was later shown in four reports to directly bind cytosolic DNA and assemble a distinct inflammasome consisting of AIM2, ASC and caspase-1. [47] [48] [49] [50] A seminal finding by Tschopp and coworkers 51 was that the NLRP3 inflammasome is not only activated by microbial motifs, but also by danger signals, often associated with sterile inflammatory diseases. In a ground-breaking study, they reported that gout-associated uric acid crystals activated the NLRP3 inflammasome. Upon stimulation with monosodium urate (MSU), human and murine macrophages were shown to secrete IL-1b in an NLRP3-dependent manner. This was further demonstrated in vivo using a crystal-induced peritonitis model, whereby mice deficient in inflammasome pathway components exhibited markedly diminished peritonitis. 51 This finding has not only stimulated efforts to understand the activation mechanisms of the inflammasome, but has led to clinical trials for gout (see below). Interestingly, it was later shown that other crystalline structures or particulate matters similarly engaged the NLRP3 inflammasome. For instance, treatment of macrophages with asbestos, 52 silica 52 and alum, [53] [54] [55] [56] [57] Alzheimer's disease-associated amyloid b fibers 58 or malaria-associated hemozoin [59] [60] [61] caused the release of IL-1b in a NLRP3-dependent fashion. Tschopp and colleagues 52 initially proposed that these large crystals led to 'frustrated phagocytosis' and ROS production by NADPH oxidase, but later implicated the mitochondria as the source of ROS. 39 In either case, ROS seems as a critical component upstream of NLRP3 inflammasome activation and was recently demonstrated to act as a priming signal required for transcriptional upregulation of NLRP3 (signal 1) rather than its direct oligomerization (signal 2; Figure 3) . 62 Two additional mechanisms of NLRP3 inflammasome activation have been reported. The first implicates lysosomal disruption and cathepsin B activity following large crystal engulfment, 63 whereas the second conjectures a requirement for potassium efflux through the ATP-gated channel P2X7 or microbial toxins in response to nanoparticles 64 and non-crystalline agonists. 65 Consistently, phagosomal acidicification, inhibition of cathepsin B's activity, 63 antagonism of P2X7 or blockade of potassium efflux (through incubation of the cells with high extracellular concentrations of potassium) 66 were shown to blunt the activity of the NLRP3 inflammasome.
It is noteworthy that although some of the agonists described above, more specifically hemozoin and alum, resulted in inflammasome activation in vitro, this was dispensable for the in vivo host response. For instance, caspase-1 is stimulated by Plasmodium-parasitized RBCs (containing hemozoin), but its activity is dispensable during malaria, as Casp1 À/À mice are equivalent to wild-type mice in clearing the P. chabaudi parasite or succumbing to P. bergheiinduced cerebral malaria. 67, 68 Similarly, although it was unanimous that the alum adjuvant stimulated the NLRP3 inflammasome in vitro, whether NLRP3 signaling is required for alum's adjuvanticity has been debated. Indeed, although some studies reported abrogation of antibody production in response to antigen in mice lacking the NLRP3 inflammasome, 55, 57 others found a partial inhibition 56 or a complete lack of phenotype. 53 Therefore, results of inflammasome activation in vitro must be interpreted with caution and require validation in physiological contexts to determine whether this pathway is central to the process under study or whether its activation occurs as a bystander response.
Inflammasome Crosstalk with Innate and Adaptive Immunity Pathways
Inflammation is a physiological response required to restore homeostasis, following an insult with infectious or noxious stimuli. However, when excessive or chronic, it is deleterious and at the basis of multiple disorders including autoinflammatory and autoimmune diseases. The inflammatory process is tightly controlled, and a number of reports have now demonstrated regulatory feedback mechanisms linking the inflammasome pathway to other arms of the immune system. Notably, Karin and colleagues 69 have demonstrated that the NF-kB pathway is a negative regulator of IL-1b production. Mice lacking IKKb in myeloid cells, or pharmacological inhibition of this kinase, led to exaggerated IL-1b production and consequently increased susceptibility to endotoxic shock, despite transcriptional inhibition of NF-kBdependent gene expression, including inhibition of IL-1b gene Mechanistically, increased IL-1b levels resulted from elevated caspase-1 activity in macrophages, suggesting that NF-kB regulated this process through transcriptional induction of negative regulators of the inflammasome pathway. Interestingly, IL-1b was also produced by neutrophils through the action of serine proteases. These results highlight the close crosstalk between the inflammasome and NF-kB pathways, and point to potential complications of prolonged IKKb inhibition as an anti-inflammatory therapeutic strategy. Furthermore, they suggest that this negative feedback loop that is necessary to inhibit inflammation might have evolved to boost the host response to infection. As such, the innate immune system retains the ability to control virulent pathogens that target the NF-kB pathway through compensatory upregulation of IL-1b signaling.
A second regulatory mechanism of the inflammasome pathway is mediated by type I IFN. Type I IFN has been a common therapy for autoimmune and inflammatory disorders, yet its mechanisms of actions were largely unknown. Tschopp and colleagues 70 have recently shown that type I IFN inhibits Mitochondrial outer membrane permeabilization (through voltage-dependent anionic channels and inhibited by BCL-2) is essential for NLRP3 inflammasome activation. NLRX1, which resides within the mitochondria, is reported to inhibit MAVS-and TRAF6-mediated signaling, and to modulate ROS generation. The phagocytosis of large crystals leads to lysosomal rupture followed by release of cathepsin B into the cytosol and NLRP3 inflammasome activation. Microbial toxins and the ATP ionotropic P2X7 purinergic receptor that functions as an ATP-activated cation channel lead to potassium efflux, which activates the NLRP3 inflammamsome. The saturated fatty acid palmitate inhibits AMPK, which leads to reduced mitophagy and increased ROS production. Palmitate is also metabolized into ceramide, which is detected by NLRP3. High concentrations of glucose also activate NRLP3 through binding of TXNIP. Deregulated activation of the NLRP3 inflammasome has been linked to CAPS, gout, atherosclerosis and type 2 diabetes
The inflammasome M Dagenais et al inflammasome activation and IL-1b production through a twopronged mechanism. On one hand, type I IFN induces the production of IL-10, which in an autocrine manner inhibits pro-IL-1 gene expression via STAT3. On the other hand, type I IFN targets inflammasome assembly and caspase-1 activation, through a yet undefined mechanism. Consistently, macrophages from Il10r À/À mice or myeloid-specific Stat3 À/À mice were shown to produce increased pro-IL-1 levels compared with controls, and type I IFN induction by PolyI:C administration in mice was demonstrated to dampen IL-1b production. It was further shown that through blunting of the inflammasome response, type I IFN led to decreased granulocyte recruitment in a model of peritonitis, and enhanced susceptibility to Candida albicans infection. Altogether, these findings explain the effectiveness of type I IFN therapy in inflammatory diseases and the immunosuppressive effects of type I IFN induction following viral infections.
The inflammasome is also targeted by the adaptive immune system, specifically by effector and memory T cells. In an NLRP3-dependent peritonitis model, Tschopp and colleagues 71 have shown that antigen-specific CD4 þ effector T cells blocked caspase-1 activation and IL-1b release, leading to decreased neutrophil recruitment to the peritoneum. This required TCR engagement and was mediated by membrane-bound TNF family ligands such as CD40L.
On the other hand, it has been shown that the immunogenicity of ATP-releasing dying cells relies on the P2RX7-Nlrp3 inflammasome axis. Indeed, Ghiringhelli et al. 72 have elegantly demonstrated that anthracyclines or immunogenic chemotherapies against cancer mediate protective cytotoxic T lymphocyte immune responses through the NLRP3 inflammasome pathway. Specifically, IL-1b was demonstrated to be indispensable for IFNg production by CD8 þ T cells, and that the IL-1b/IL-1R pathway is mandatory for the success of chemotherapy. 72 Collectively, these studies place the inflammasome as a central node of the inflammatory process that is tightly regulated by both innate and adaptive mechanisms.
The Inflammasome and the Metabolic Syndrome
Tschopp and coworkers 73 were the first to implicate the inflammasome, specifically NLRP3, in insulin resistance and type 2 diabetes (T2D). They demonstrated that TXNIP, a thioredoxin-interacting protein linked to insulin resistance, was bound to NLRP3 in response to elevated glucose levels, resulting in inflammasome activation and IL-1b production in islets. Consistently, they showed that similarly to Txnip
À/À mice exhibited improved glucose tolerance and insulin sensitivity. Since this discovery, a number of groups have followed on these initial findings to more closely characterize the involvement of the inflammasome in metabolic stress. O'Neill and colleagues 74 have shown that oligomers of islet amyloid polypeptide, commonly deposited in the pancreas of T2D patients, activated the NLRP3 inflammasome in macrophages and dendritic cells. Netea and Dixit, and their colleagues 75, 76 demonstrated that hyperglycemia stimulated the expression of NLRP3, pro-IL1b and TXNIP in mouse and human adipose tissue. Reciprocally, calorie restriction and exercise-mediated weight loss in obese patients with T2D was associated with dampened NLRP3 levels. Netea and coworkers 77 have shown that Casp1
À/À and Nlrp3 À/À mice were resistant to diet-induced obesity and T2D, and that caspase-1 activity, through IL-1b, modulated adipocyte differentiation. Consistently, Casp1
À/À and Nlrp3 À/À mice displayed more metabolically active fat cells and enhanced fatty acid oxidation compared with wild-type mice. Furthermore, treatment of obese mice with a caspase-1 inhibitor significantly enhanced their insulin sensitivity. 77 Dixit and coworkers 76 corroborated these findings; however, they did not find evidence of inflammasome involvement in regulating adipocyte differentiation. Instead, they demonstrated a role of the inflammasome in activating macrophage-and effector T-cell-driven obesity-induced inflammation. Notably, they have implicated lipotoxicity-associated ceramide as an NLRP3 agonist, and have demonstrated inflammasome activation in infiltrating macrophages in the fat tissue. In addition, they showed that through IL-18 maturation, the inflammasome pathway modulated IFNg production and effector T-cell activation in adipose tissue. 76 Ting and colleagues 78 extended these findings by addressing how a high-fat diet activated the inflammasome. They showed that palmitate, a saturated fatty acid whose concentration rises in the plasma following the consumption of a fatty meal, but not unsaturated oleate, induced NLRP3 inflammasome activation, and IL-1b and IL-18 secretion. Interestingly, condensation of palmitate and serine generates 3-ketodihydrosphingosine, which is required for ceramide synthesis, 79 suggesting that palmitate might activate the inflammasome through ceramide. Ting and coworkers 78 proposed that through inhibition of AMPK, palmitate leads to dampened mitochondrial autophagy (or mitophagy), which results in ROS generation that activates NLRP3. Reciprocally, AICAR, an AMPK agonist, restored autophagy and inhibited both ROS generation and caspase-1 activation by palmitate. 78 Collectively, these results implicate the NLRP3 inflammasome pathway, specifically the caspase-1-dependent cytokines IL-1b and IL-18, in insulin resistance and T2D pathogenesis. However, whereas the role of IL-1b in these processes has been consistently demonstrated by a number of groups, that of IL-18 is less clearly defined. Notably, although Dixit and colleagues 76 conjecture that IL-18 is pathogenic through its activity on effector T-cell activation in the adipocyte tissue, a previous study has reported that IL-18 deficiency in mice is associated with obesity and insulin resistance. 80 Although inflammation has been linked to T2D, the current therapeutic approaches are not based on anti-inflammatory strategies. Interestingly, a clinical trial for T2D with the IL-1R antagonist anakinra has shown some promise, as anakinra improved glycemia and beta-cell secretory function, and reduced markers of systemic inflammation. 81 Furthermore, the common anti-diabetic drug, glibenclamide (also known as glyburide), which operates by inhibiting ATP-sensitive potassium channels, 82 was shown to inhibit NLRP3 inflammasome assembly and caspase-1 activation, suggesting that pharmacological modulation of the inflammasome-IL-1b axis might be a viable approach for the treatment of T2D. 83 A second drug most commonly used for the treatment of T2D is metformin, which acts by activating AMPK and the upstream kinase LKB1 (reviewed in Hardie 84 ), arguing that its efficacy might be partially mediated by modulating inflammasome activity.
Heart disease is another metabolic disease that is the leading cause of death in the developed world. The involvement of the NLRP3 inflammasome in atherosclerosis was first described by Latz and coworkers, 85 who first showed in vitro caspase-1 activation and IL-1b production in response to cholesterol crystals. Cholesterol crystals were shown to rupture the lysosomal membrane, resulting in inflammasome activation, which was dependent on phagosome acidification and lysosomal cathepsins. Furthermore, it was shown that intraperitoneal injection of cholesterol induced neutrophil recruitment, which was reduced in Nlrp3, Il-1-or Il-1r-deficient mice. Using LDLR-deficient mice put on high cholesterol diet as an experimental model of atherosclerosis, Latz and coworkers 85 next showed that mice lacking Nlrp3 had reduced atherosclerosis as determined by lesion size. In contrast, using ApoE-deficient mice fed a high-fat diet, Tschopp and colleagues 86 reported that atherosclerosis progressed independently of the Nlrp3 inflammasome. They showed no change in size of lesions, plaque stability, or macrophage recruitment to the plaques between Nlrp3-, Asc-, or Casp1-deficient mice on an ApoE-null background versus control animals. It is plausible that differences in the phenotypes may have resulted from the use of different mouse models.
Conclusion
Jurg Tschopp's work involving the inflammasome has nucleated the genesis of a new field of immunology. Tschopp's vision extended beyond the lab, as his work has led to the development of effective therapies for inflammasome-associated disorders and the establishment of a number of currently ongoing clinical trials. Tschopp's discovery of the inflammasome has aided in linking the etiology of cryopyrin-associated periodic syndromes (CAPS) to mutations in NLRP3, leading to the now successful therapy of CAPS patients in the clinic. 87 His 2006 discovery that MSU crystals deposited in the joints of patients with gout activated the inflammasome 51 led him to conduct in a pilot clinical study in patients with gouty arthritis treated for 3 days with anakinra. 88 The results were spectacular in that all patients responded rapidly to anakinra and showed dramatic improvement without adverse effects. His work linking the inflammasome to metabolic diseases will directly or indirectly impact many lives suffering from obesity and T2D in years to come. Our field has surely lost a giant, and Jurg Tschopp will be dearly missed.
